Sorption of dissolved strontium on kaolinite, amorphous silica, and goethite was studied as a function of pH, aqueous strontium concentration, the presence or absence of atmospheric CO 2 or dissolved phosphate, and aging over a 57-day period. Selected sorption samples ([Sr(aq)] i ≈ 0.5-1 × 10 −3 m) were examined with synchrotron X-ray absorption spectroscopy (XAS) at low (13-23 K) and room temperatures to determine the local molecular coordination around strontium. Quantitative analyses of the extended X-ray absorption fine structure (EXAFS) of kaolinite, amorphous silica, and most goethite sorption samples showed a single first shell of 9-10 (±1) oxygen atoms around strontium at an average Sr-O bonddistance of 2.61 (±0.02)Å, indicating hydrated surface complexes. The EXAFS spectra were unchanged after reaction for up to 57 days. Likewise, in kaolinite sorption samples prepared in 100% nitrogen atmosphere, the presence of dissolved phosphate (0.5 × 10 −3 m) in addition to strontium did not change the local coordination around strontium. In two goethite sorption samples reacted in air at pH ∼8.5, the EXAFS spectra (collected at low and room temperature) clearly showed that the local structure around strontium is that of strontianite (SrCO 3 (s)). We also noted an increase in strontium uptake on goethite in the presence of atmospheric CO 2 in batch experiments, relative to CO 2 -free experiments. These observations suggest that sorption of carbonate may nucleate the precipitation of SrCO 3 in the pH range in which carbonate sorption on goethite is near a maximum. At higher pH, carbonate surface sorption decreases as dissolved CO 2 decreases. For goethite sorption samples above pH 8.6, hydrated surface complexes, rather than a precipitate, were observed in the EXAFS spectra. C 2000 Academic Press
INTRODUCTION
Strontium-90 is a contaminant from the production and testing of nuclear weapons that is found in soil, sediment, and/or 1 To whom correspondence should be addressed. E-mail: oday@asu.edu. ground water on more than 50% of Department of Energy lands. At some sites, 90 Sr concentrations exceed the National Interim Drinking Water Regulations of 8 pCi L −1 by as much as five orders of magnitude (1) . At the Hanford Site's 200 Area Plateau (200-BP-5), the areal extent of the 90 Sr plume is 100 times larger than the areal extent of the 137 Cs and the 239 Pu plumes. Similarly, contaminated, perched water tables at the Idaho National Engineering Laboratory have much higher aqueous concentrations of 90 Sr than 137 Cs, presumably because Cs is preferentially sorbed to solids (2) . Because 90 Sr is significantly more mobile than other hazardous radioactive metals, it is important to determine and understand the chemical conditions and molecular mechanisms that control strontium reaction with soil and rockforming minerals.
Previous studies examined the macroscopic sorption of strontium from solution as a function of pH and solution composition onto a variety of mineral surfaces, such as kaolinite, montmorillonite, hydrous oxides, zeolites, quartz, and complex soils (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) . In general, these studies concluded that strontium sorption occurred by ion exchange at the mineral-solution interface and uptake was modeled with empirical Langmuir or Freundlich isotherms. A few studies interpreted strontium to be chemically bound to hydrous oxides (16) (17) (18) (19) (20) .
More recently, extended X-ray absorption fine structure (EXAFS) spectroscopy was used to examine the local molecular environment of strontium sorbed to mineral surfaces. In most EXAFS studies, only first-neighbor oxygen atoms around strontium and no second-neighbor atoms were detected in spectra of sorbed strontium. For example, Chen et al. (21) found identical, first-shell-only coordination environments for strontium sorbed to four different clay minerals with widely different structures and cation exchange capacities. The authors concluded that strontium forms hydrated complexes that are electrostatically bound to clay surfaces. For strontium sorbed to kaolinite, Parkman et al. (22) detected only first-neighbor oxygen atoms, in agreement with Chen et al. (21) . However, Parkman et al. (22) suggested that strontium loses part of its hydration sphere and forms stronger complexes with kaolinite at low surface coverage, based on the shorter Sr-O interatomic distances obtained from EXAFS fits. In the same study, Parkman et al. (22) examined strontium sorption onto calcite. They concluded that strontium substitutes for calcium in calcite at low surface coverage, in agreement with the EXAFS results of Pingitore et al. (23) , who studied the substitution of trace strontium in natural and synthetic calcites. At higher strontium surface coverage, Parkman et al. (22) asserted that strontium precipitates as strontianite (SrCO 3 (s)), although second-neighbor strontium scattering indicative of strontianite was not detected in their spectrum. Strontium sorption on hydrous ferric oxide (HFO) for two samples (mol Sr : Fe = 1 : 1 and 1 : 0.1) was studied with EXAFS spectroscopy at low and room temperature by Axe et al. (24) . These authors concluded that strontium remains hydrated after sorption to HFO, but they attributed weak features in their spectra to a second shell of backscattering atoms. Axe et al. (24) fit their spectra with either strontium or iron atoms at distances of 3.28-3.75Å in addition to a first shell of oxygen atoms, although they admitted that the evidence for second-neighbor scattering around strontium was not robust.
Comparison of recent EXAFS studies shows wide differences in reported Sr-O distances (from 2.53-2.63Å) and coordination numbers (from [6] [7] [8] [9] [10] [11] [12] for the sorbed Sr-O coordination environment, and conflicting evidence for scattering from atoms beyond the first oxygen shell. Despite the evidence for sorption of hydrated strontium on different mineral surfaces, it is not clear from the spectroscopic studies to date whether reported differences in structural parameters arise from differences in data collection and/or in spectral analysis, or if they reflect true differences in modes of sorption. In addition, previous EXAFS studies examined only a few samples over a limited range of solution conditions and did not extensively investigate strontium precipitation from solution. For surface complexes such as strontium that tend to remain hydrated, a limitation of EXAFS analysis as a molecular structural tool is that it does not generally provide direct evidence about the type of bonding between the surface complex and the substrate, or about specific surface sorption sites. This can only be deduced by combining EXAFS structural evidence with other spectroscopic methods or with sorption behavior for different solution compositions and reaction times.
In this study, we examined the uptake of strontium by three common soil minerals, kaolinite (Al 2 Si 2 O 5 [OH] 4 ), which is a dioctahedral clay mineral, amorphous silica (synthetic SiO 2 gel), which serves as a high-surface-area analog for quartz, and synthetic goethite (α-FeOOH). Strontium sorption was studied in batch experiments as a function of pH and reaction time in the presence and absence of atmospheric carbon dioxide and dissolved phosphate. Synchrotron EXAFS spectroscopy was used as an element-specific probe to investigate the strontium molecular environment (e.g., 25, 26) . Strontium absorption spectra were collected at both ambient and cryogenic temperatures, the latter to increase the amplitude of spectral features and thus to enhance scattering from weaker, more distant atoms in the EXAFS spectra. The analysis of EXAFS spectra for strontium sorbed to kaolinite, amorphous silica, and goethite given here relies on our companion study (27) of strontium coordination at ambient and cryogenic temperatures in a series of crystalline and hydrated reference compounds of similar composition and in aqueous solution. This study allowed us to empirically constrain the maximum distances at which backscattering atoms appear in the EXAFS spectra, to quantify the effects of local static and thermal anharmonic vibrations on calculated bond distances, and to improve the parameterization of the variables that contribute to EXAFS amplitudes (namely, the number of backscttering atoms, the disorder parameter, σ 2 , and the amplitude reduction factor, S 2 0 ). The spectroscopic and solution sorption data given here clarify inconsistencies in previous spectroscopic interpretations of strontium uptake behavior and point out the role of mineral substrates and carbonate anion adsorption in providing nucleation sites for surface precipitation.
MATERIALS AND METHODS

Starting Materials
Fresh solutions of 1.0 × 10 −3 m SrCl 2 were made for each sorption experiment by dissolving SrCl 2 · 6H 2 O(s) (Aldrich Chemical Company) in distilled and deionized water. For one goethite sorption experiment (G3), a 5.0 × 10 −4 m Sr solution was made from an atomic absorption standard stock solution (J.T. Baker) of SrCO 3 dissolved in nitric acid. Adjustments to pH were made using 0.1 M NaOH and 0.1 M HCl (Fisher Scientific).
Three solids were used in the sorption experiments, natural kaolinite, synthetic amorphous silica, and synthetic goethite. Kaolinite from Georgia (KGa-1b) was obtained from the Clay Minerals Society Source Repository. Analyses by X-ray diffraction (XRD), electron microprobe, and secondary electron microprobe show almost pure kaolinite with about 0.1 to 1.0 wt% TiO 2 as the major impurity and grain size between 1 and 5 µm (28) . Total surface area determined by BET nitrogen gas adsorption was 11.4 m 2 g −1 . Kaolinite was not treated prior to use in the sorption experiments.
Amorphous silica was a synthetic silica gel (Mallinckrodt Silicar), 100-200 mesh (lot 6512), with an average pore diameter of 150Å. The gel was repeatedly cleaned ultrasonically with distilled and deionized water until the suspension yielded a clear supernatant after 10 min of settling. The cleaned gel was dried at 40
• C for 24 h and was stored in a plastic container at room temperature. The surface area determined by BET nitrogen gas adsorption was 277 m 2 g −1 . Five different lots of goethite were synthesized by variations on the method of Schwertmann and Cornell (29) . For CO 2 -free sorption experiments, goethite (Lot 1) was synthesized using KOH and FeCl * 3 6H 2 O in a nitrogen atmosphere from reagents dissolved in CO 2 -free distilled and deionized water. After the initial formation of iron hydroxide, the suspension was purged with nitrogen for 60 h at 70
• C to transform the hydroxide to goethite. It was then rinsed repeatedly to remove chloride using dialysis tubing and CO 2 -free distilled and deionized water. Goethite was dried under a nitrogen stream at 40
• C and stored in a nitrogen atmosphere glove box. Mineralogy was confirmed by XRD. For sorption experiments prepared in atmospheric CO 2 , goethite (Lots 2 and 3) was synthesized following the same protocol except that no effort was made to exclude CO 2 . For strontium sorption samples examined by EXAFS, Lot 3 goethite was used for sample G6, and Lots 4 and 5 goethites were used for all other EXAFS samples. For Lots 4 and 5, goethite was prepared from Fe(NO 3 ) 3 
Macroscopic Sorption Experiments
Strontium sorption was measured in kaolinite, amorphous silica, and goethite suspensions prepared in the presence and absence of atmospheric CO 2 at 25
• C from pH 6 to 10. Table 1 lists the sorbent, total surface area, sorption atmosphere, and initial and final solution composition for each experiment. Kaolinite, amorphous silica, or goethite was mixed with a freshly prepared 1.0 × 10 −3 m SrCl 2 and 0.1 m NaCl solution in polycarbonate test tubes. After the pH was adjusted, the tubes were sealed, shaken vigorously by hand, and then reacted for 2 days in a constant temperature orbital-shaker water bath at 200 rpm. At the end of the experiment, the final pH of each solution was measured, and a sample (2.5 ml) was taken, filtered (4.1-nm pore size), acidified with high-purity HCl to prevent SrCO 3 precipitation, and analyzed for strontium by inductively coupled plasma atomic emission spectrometry (ICP-AES) (detection limit, 10 −7 m; precision, ±2%). For the goethite experiments prepared in the presence of atmospheric CO 2 , total dissolved carbon was measured from a filtered sample using a carbon analyzer with an IR detector (detection limit, 5 × 10 −5 m). With this technique, dissolved carbon is purged with 11 N phosphoric acid and nitrogen gas. Dissolved carbon was not measured in the kaolinite and amorphous silica experiments. Additional control experiments with no solid present were done to check for strontium sorption to vessel walls and for precipitation of SrCO 3 (s). Strontium sorption uncertainty is calculated from the analytical uncertainty of the initial and final solution concentrations (Table 1) . For the experiments prepared in the absence of CO 2 , preparation, sampling, and reagent storage were done in a nitrogen-atmosphere glove box. Initial SrCl 2 , NaCl, and HCl solutions were prepared in CO 2 -free distilled and deionized water, and NaOH solution was purged with N 2 gas.
EXAFS Sorption Samples
A set of sorption experiments from pH 8 to 10, with and without dissolved CO 2 , was repeated for EXAFS analysis. Table 2 lists the sorbent, temperature of EXAFS data collection, reaction time (3 to 57 days), total surface area, sorption atmosphere, and initial and final solution composition for each experiment. The preparation of most of the samples was identical to that of the macroscopic sorption experiments. One kaolinite and two goethite samples were reacted for longer periods to examine the effect of aging on the coordination environment of strontium. One goethite sorption sample (G3) used 0.1 m NaNO 3 background electrolyte and a 5.0 × 10 −4 m Sr solution made from SrCO 3 dissolved in nitric acid. Two kaolinite samples (K4 and K5) contained 5.0 × 10 −4 m phosphate and strontium. After reaction and centrifugation, supernatant liquids were removed and sorption samples were loaded as wet pastes into Teflon sample holders with Kapton windows just prior to XAS analysis. Sample handling and data collection for samples prepared in the absence of atmospheric CO 2 were performed under nitrogen or argon atmospheres. For sorption samples collected at cryogenic temperatures, wet samples were quenched by immersion in liquid nitrogen and then placed in a helium cryostat in the beamline hutch.
EXAFS Data Collection and Reduction
The details of the EXAFS data analysis are given in O'Day et al. (27) . For the sorption samples, EXAFS spectra were collected on wiggler beamline IV-3 at the Stanford Synchrotron Radiation Laboratory (SSRL). Two different cuts of an Si(220) monochromator crystal with a d-spacing of 1.92013Å were used (one of these Si(220) crystals had a "glitch" in the EXAFS region at about k = 7.6-8.3Å
−1 ). The incident beam was detuned to 50-70% of the maximum incoming intensity to reject higher-order harmonic reflections. The midpoint of the absorption edge of SrCO 3 (s) reference compound (set to 16105 eV) was used for energy calibration. Spectra were collected in fluorescence mode using a 13-element germanium array detector with, in some cases, an aluminum or arsenic filter to reduce background fluorescence and/or soller slits to increase count rate. For each sorption sample, 30-40 scans were collected to achieve an adequate signal/noise ratio. Spectra in the EXAFS region were analyzed with the program EXAFSPAK (30) . The reference phase shift and amplitude functions used in the nonlinear least-squares fitting of experimental spectra were calculated using the ab initio program FEFF6 (31) (32) (33) . In nonlinear least-squares fits of the sorption sample spectra, bond distance (R), backscatterer number (N ), and the disorder or Debye-Waller term (σ 2 ) were treated as adjustable parameters in most cases (see the next section). The difference between theoretical and experimental threshold energies ( E 0 ) was treated as a single adjustable parameter for all Sr-backscatterer shells (see (34) ). Least-squares fits were performed on both filtered spectra of individual peaks in the radial structure functions (RSF) and full normalized χ (k) spectra with no significant differences in fit results. There were also no significant differences in fit results among samples collected with the two different monochromator crystals. 
EXAFS Model Analyses and Errors
The detailed analyses of crystalline and hydrated strontium compounds and a strontium aqueous solution at ambient and cryogenic temperatures given in our companion study (27) allowed us to constrain adjustable EXAFS fitting parameters and to better interpret results from fits to the sorption samples. Several conclusions from this study are relevant to the interpretation of the sorption sample spectra given here. First, anharmonic vibrational disorder (i.e., significant contribution from a third cumulant term (C 3 ) in the EXAFS phase shift function) is generally not significant above the error in fitted EXAFS distances (i.e., R ± 0.02Å with and without C 3 ), especially when static disorder is high. Fits to reference compounds show that the average first-shell Sr-O distance determined from EXAFS is near the average crystallographic bond distance determined by XRD (within ±0.02Å) even when static disorder around strontium is high. Although cumulant effects are generally smaller than the error in EXAFS fits, consistent shifts to shorter distances, which is the expected result of ignoring the C 3 term, were observed with increasing temperature. This suggests a small anharmonic effect. Second, rapid quenching of sorption or solution samples for data collection at low temperature does not appear to introduce any new features into EXAFS spectra when compared with room-temperature spectra. Third, analyses of reference compounds show that scattering from a few (N = 1-3) relatively light atoms, such as carbon, phosphorus, silicon, and aluminum, is readily observed at low temperature and is weaker but still present at room temperature for distances less than ≈4Å. At distances further than this from strontium, these atoms will probably not be seen in the spectrum. In fits to reference spectra with N fixed and σ 2 varied, fit values of σ 2 above ≈0.025Å 2 (for N < 12 and R > 3Å) resulted in EXAFS scattering amplitudes that were significantly damped and not above noise levels in the spectra.
The analyses of strontium reference compounds allowed us to place constraints on three variables that are the primary contributors to EXAFS scattering amplitude, the backscatterer number (N ), the Debye-Waller factor (σ 2 ), and the amplitude reduction factor (S 2 0 ). For sorption samples, S 2 0 was fixed at either 0.92 (for samples indicating sorption only) or 1.04 (for samples indicating precipitation of SrCO 3 (s)) based on reference compound analysis. Debye-Waller factors determined from reference compounds as a function of backscatterer Z , interatomic Sr-Z distance, and temperature were used in the analyses of sorption samples to better determine values for N for each atomic shell. Depending on the total number of variables in the fit, σ 2 was either fixed or varied, but fitted σ 2 values were constrained to fall within ranges determined by reference compound analysis for a given atomic shell. These constraints on σ 2 and S 2 0 improved our fitted estimates of N , typically a parameter with a large error in EXAFS analysis. From the model analyses, we estimate an error of N ± 1 for first-shell Sr-O for N in the range 6-12. Errors in N for atoms beyond the first shell (to ≈4Å) are estimated at ±1 for heavy atoms (Sr) and ±2 for light atoms (C, P, Si, Al) when σ 2 is fixed from model analysis (see O'Day et al. (27) ).
Surface Complexation Modeling
We used the "Geochemist's Workbench" (35) geochemical code, which implements Dzombak and Morel's (36) two-site version of the Diffuse Double Layer surface complexation model (DDLM), to calculate goethite surface chemistry using our experimental pH, dissolved sodium and carbonate concentrations, and measured surface areas. We used experimentally determined DDLM protonation, deprotonation, and carbonate sorption constants from Van Geen et al. (37) , which are applicable over a range of ionic strengths from 0.001-0.1 M. To make Dzombak and Morel's two-site model consistent with Van Geen et al.'s (37) single site model, we set strong surface constants equal to weak surface constants. The ratio of strong to weak sites was maintained at the recommended DDLM values (36) . Goethite site-density was taken from Van Geen et al. (37) . Chloride concentrations were adjusted to maintain electrical neutrality.
RESULTS
Macroscopic Sorption Experiments
The pH and pCO 2 dependence of strontium sorption on kaolinite, amorphous silica, and goethite are shown in Fig. 1 and Table 1 . For all three solids, sorption was minimal and con- (Tables 1 and 2 ). Open circles and open diamonds (EXAFS) represent experiments prepared in 100% nitrogen atmosphere, and filled squares and filled diamonds (EXAFS) represent experiments prepared in atmospheric CO 2 . The shaded bands show the amount of Sr removed from solution in the control experiments prepared in atmospheric CO 2 , which was 5.6(±2.3)% normalized to average surface area for each substrate. stant between pH 6 and 7.5 and increased at higher pH. The pH dependence of sorption is generally similar in the presence and absence of atmospheric CO 2 on all solids. The presence of dissolved CO 2 , however, affects strontium sorption to kaolinite differently than sorption to amorphous silica and goethite. For kaolinite samples at pH below 7.5, sorption was near zero for samples prepared in 100% nitrogen, compared to 2.7 × 10 −7 mol Sr m −2 for samples prepared in air (with dissolved CO 2 ). This amount is about 60% of the maximum sorbed at more alkaline pH, and it is well above the analytical scatter in the data and the amount of strontium removed from solution in control experiments in which no solids were present. At pH above 8.5, the variation in strontium uptake on kaolinite falls mostly within analytical error among samples with and without dissolved CO 2 . For amorphous silica and goethite, dissolved CO 2 appeared to slightly suppress sorption between pH 7 and 8.5 and to enhance sorption at pH above 8.5. At pH 9.5, strontium sorption was 1.4 (amorphous silica) to 1.8 (goethite) times greater for samples prepared in air than it was for those prepared in 100% nitrogen.
Strontium sorption samples analyzed by EXAFS spectroscopy (Table 2 ) are compared with macroscopic sorption experiments in Fig. 1 . The strontium uptake on kaolinite for EXAFS samples was within the scatter of uptake found for macroscopic sorption. The strontium uptake on the amorphous silica EXAFS sample was greater than the uptake found for macroscopic experiments. This sample was reacted for a longer time (5 days) than the macroscopic experiments (2 days). Four of the goethite EXAFS sorption samples do not plot on the trends of the macroscopic sorption data. The strontium uptake on the EXAFS sample at pH 9.91 (G3) was well below the macroscopic trends (Fig. 1) . This reflects the lower initial strontium concentration for this experiment, about 10 −4 m versus 10 −3 m. It may also reflect an effect on strontium sorption from the presence of NO from NaNO 3 background electrolyte and a stock solution of SrCO 3 (s) dissolved in nitric acid; for all other experiments, the background electrolyte was NaCl and the strontium source was SrCl 2 · 6H 2 O(s)). The strontium uptakes on EXAFS samples at pH 8.51 to 8.71 (G2, G6, and G7) all plot above the macroscopic trends. This discrepancy cannot be attributed to scatter in the sorption data because EXAFS samples G6 and G7 and two separate macroscopic sorption experiments prepared in atmospheric CO 2 are reproducible. A possible explanation is that more strontium is sorbed with longer reaction times. The EXAFS sorption samples were reacted for 3 to 4 days, and the macroscopic sorption experiments were reacted for 2 days. If reaction time influences strontium uptake, it appears to have an effect only below pH 9. A sample at pH 9.28 (G1) was reacted for 57 days and the same amount of strontium was sorbed as in the 2-day macroscopic experiments.
EXAFS Spectral Analyses
Strontium sorbed to kaolinite and amorphous silica. Absorption spectra were collected for kaolinite and amorphous silica samples with a final pH in the range 8-10, where strontium sorption is significant. Normalized χ(k) EXAFS spectra, filtered first-shell spectra, and Fourier transforms of filtered spectra for kaolinite and amorphous silica sorption samples at low and room temperature are shown in Fig. 2 . Numerical fit results are given in Table 3 . In kaolinite samples prepared in the presence and absence of atmospheric CO 2 (K1 and K2), EXAFS fits at low temperature are identical and show only a single first shell of oxygen backscatterers (N = 9.4-10.1) at 2.60-2.61Å ( Fig. 2A and Table 3) . Fitted values for σ 2 (0.078-0.087Å 2 ) are similar to those derived for hydrated strontium solids and aqueous solution at low temperature (27) . The addition of phosphate to the strontium solution in the absence of dissolved CO 2 had no ap-
FIG. 2.
Normalized EXAFS spectra (left), filtered first-shell spectra (middle), and corresponding radial structure functions (right) for strontium sorbed to kaolinite (samples K1-K7) and amorphous silica (SG1) and reacted for 3-7 days (unless noted; see Table 2 Table 2 for solution conditions and reaction times. parent effect on the local strontium coordination after sorption to kaolinite (Fig. 2B and Table 3 ). Two samples with phosphate (K4 and K5) were reacted at pH 9 and 4. Fit results for R, N , and σ 2 for first-shell Sr-O are similar to those of a sample (K3) prepared with the same total aqueous strontium concentration (0.5 × 10 −3 m) without dissolved phosphate or CO 2 . The aging of a kaolinite sorption sample with dissolved CO 2 (no phosphate) for 57 days did not change strontium coordination ( Fig. 2C and Table 3 ). Spectra for an aged sample were collected at room and low temperature (sample K7 at RT and 13 K) to enhance backscattering from any atoms possibly present beyond the first coordination shell. Comparison of these spectra with that of a sample prepared with the same total strontium concentration (0.94 × 10 −3 m) and reacted for 4 days (sample K6 at RT) indicates no significant differences in strontium coordination and no backscatterers beyond the first atomic shell. For all kaolinite sorption samples, the EXAFS is remarkably uniform and fitted Sr-O bond distances (Table 3) are between 2.58 and 2.61 (±0.02Å). Note, however, that the two room-temperature samples (K6 and K7 at RT) have R Sr-O = 2.58Å and all of the low-temperature samples have R Sr-O = 2.59-2.61Å. This systematic decrease in interatomic distance with increasing temperature probably arises from a small anharmonic vibrational effect that was analyzed in strontium reference compounds and discussed in O'Day et al. (27) . If this small contraction is accounted for, the average Sr-O bond distance for strontium sorbed to kaolinite is 2.61 ± 0.02Å for all kaolinite sorption samples. This distance is slightly shorter than that determined for strontium in aqueous solution (R Sr-O = 2.64 ± 0.02Å) from EXAFS and XRD studies (see O'Day et al. (27) for a discussion; also see (38) (39) (40) ). Debye-Waller factors at low and room temperature are consistent with those derived from model analysis (27) and place constraints on the fitted values of N , which range from 8.2-11.3 (mean, 9.5 ± 1).
The spectrum for strontium sorbed to amorphous silica (SG1; [Sr] i = 1 × 10 −3 m) prepared in the presence of atmospheric CO 2 and collected at room temperature has only a single shell of oxygen backscatterers (N = 9.7), but the EXAFS sine wave oscillations are not as uniform as those of the kaolinite samples ( Fig. 2A, Table 3 ). The Sr-O shell could not be fit with two separate oxygen shells, nor was there evidence for backscatterers beyond the first coordination shell that might account for the observed asymmetry. One-shell fit results give a slightly shorter Sr-O distance (R = 2.57Å) than that found for strontium sorbed to kaolinite and give a value for σ 2 (=0.0130Å 2 ) similar to those for kaolinite room-temperature samples (Table 3 ). It is likely that the distance contraction of the amorphous silica sample arises from a small contribution from anharmonicity in the Sr-O coordination sphere (27) . The asymmetric EXAFS oscillations probably result from a small amplitude contribution (<10% of total scattering amplitude) from hydrogen atoms of the water molecules around strontium and from multi-electron excitations at the Sr K-edge discussed by D'Angelo et al. (40) . We have not attempted to fit these directly but have accounted for them and other amplitude effects using empirical parameterization of S 2 0 (see see O'Day et al. (27) for a discussion). Based on this sample, there is no evidence for a significant change in strontium coordination between amorphous silica and kaolinite sorption samples.
Strontium sorbed to goethite. Absorption spectra for goethite sorption samples prepared in the presence and absence of atmospheric CO 2 ([Sr] i = 1 × 10 −3 and 5 × 10 −4 m) and reacted for short (3-4 days) and long (20 and 57 days) times are shown in Fig. 3 . Numerical fit results are given in Table 4 . For goethite samples, high background fluorescence from iron typically degrades EXAFS spectral quality, especially at higher photoelectron energy, which can lead to ambiguity in the analysis of backscatterer atoms beyond the first coordination shell (41) . In this set of sorption samples, spectra were uniformly background subtracted to minimize artifacts, and room-and low-temperature spectra were carefully compared to determine the presence or absence of second-neighbor backscatterers. As shown in Fig. 3A , the spectra and least-squares fits to data collected at low and room temperature indicate only a single, uniform sine wave oscillation from atoms in the first shell and give no evidence for scattering beyond the first-neighbor atoms above noise levels. Although some of the spectra appear to have peaks in the RSF at longer distances, the position of these peaks changes with changes in the Fourier transform limits, which indicates they are artifacts (25, 42) . The presence of second-neighbor scatterers such as iron and strontium at ≈3-5Å would be seen in the k-range 5-9Å −1 , where spectral quality is good. The amplitude (27) ).
g Debye-Waller factors (σ 2 ) fixed on values determined from fits to SrCO 3 reference compound at 10 K (see O'Day et al. (27) ). h X-ray structure determination of Pannhorst and Löhn (58) . i X-ray structure determination of DeVilliers (59).
of second-neighbor peaks in the RSF would increase significantly with decreasing temperature, but peak position would not change, which is not observed in the spectra (Fig. 3A) . In this set of sorption samples, strontium appears to remain hydrated and Sr-O interatomic distances, coordination numbers, and σ 2 values are very similar to those derived for the kaolinite sorption sample spectra discussed above (including the slight contraction, from R Sr-O = 2.60-2.61Å to R Sr-O = 2.58Å, in room-temperature spectra). Aging samples for 20 (G3) and 57 (G1) days and data collection at room and low temperature (G1) showed no spectral changes and no evidence for secondneighbor backscattering atoms.
Two goethite sorption samples (G6 and G7) prepared in the presence of atmospheric CO 2 with 1 × 10 −3 m strontium showed clear spectral evidence for multiple-shell backscattering around strontium (Fig. 3B) . Comparison of these spectra with crystalline strontianite (SrCO 3 (s)) and a wet, homogeneously precipitated sample (SrCO 3 (ppc-h)) indicated that the local bonding and coordination of strontium in sorption samples G6 and G7 are similar to those of strontianite (27) . At room temperature, the EXAFS spectrum of SrCO 3 (ppc-h) showed that scattering beyond the first shell was damped significantly by increases in σ FIG. 3. (A) Normalized EXAFS spectra and corresponding radial structure functions for strontium sorbed to goethite (samples G1-G5). Sample G1 was reacted for 57 days ([Sr (aq) ] i ≈ 1 × 10 −3 m) in the presence of CO 2 ; the spectra were collected at low and room temperature (RT). Samples G2-G5 reacted for shorter times with and without CO 2 (see Table 2 for solution conditions and reaction times); the spectra were collected at RT or at the temperature shown. (B) Goethite samples G6 and G7 ([Sr (aq) ] i ≈ 1 × 10 −3 m) reacted in the presence of CO 2 . Sample G6 spectra were collected at RT and 15 K. Included for comparison are the spectra of homogeneously precipitated SrCO 3 (SrCO 3 (ppc-h)) collected at RT and the crystalline reference compound strontianite (SrCO 3(s) ) collected at 10 K.
at room temperature, backscattering from atoms beyond the first shell was weak and partially obscured by noise. The homogeneous precipitate was made from solutions of higher initial strontium concentrations (0.04 m) than in sample G6 (1 × 10 −3 m), and there was probably more precipitate present, giving rise to slightly stronger scattering features. Data collection for sample G6 at low temperature clearly enhanced second-neighbor scattering that would have been difficult to unambiguously discern if the spectrum was collected only at room temperature. For samples G6 and G7 at low and room temperature, the interatomic distances for oxygen, carbon, and strontium shells from EXAFS fitting are close to the calculated averages from XRD for crystalline strontianite (Table 4) . They are within error (R ± 0.02Å) of EXAFS distances derived from spectral analysis of fresh strontianite precipitates prepared either homogeneously or in the presence of kaolinite or goethite (27) . There was no evidence in the EXAFS spectra of the sorption samples for backscattering from iron atoms in the goethite substrate.
Fit results for EXAFS coordination numbers (N ) and DebyeWaller factors (σ 2 ) are less robust than distances because N and σ 2 are positively correlated in the EXAFS amplitude function and do not vary independently. Previous studies have investigated the transferability of σ 2 among structurally similar compounds (34, 43) . These studies have shown that fixing either N or σ 2 provides a measure of either the average size of the local atomic cluster (N ) or the degree of local disorder (σ 2 ), relative to an analogous crystalline compound. In the EXAFS fits of goethite sorption samples G6 and G7, σ 2 was fixed for each shell at the value derived from model analysis of crystalline and precipitated SrCO 3 (s) at either low or room temperature (27) , and N was allowed to vary. At low and room temperature, strontium atomic shells at 4.1-4.9Å show a 10-35% reduction in N (for fixed σ 2 ) in the sorption samples relative to the coordination numbers in crystalline strontianite (Table 4 ). Variation in fitted N for Sr-C is greater, and fits are less robust because carbon is a weak backscatterer and its scattering function overlaps with those from first-shell oxygen atoms. The slightly reduced local backscattering amplitudes in sorption samples G6 and G7 suggest that SrCO 3 precipitated in the presence of goethite is either partially disordered or of small particle size relative to the crystalline compound (28, 43, 44) .
DISCUSSION
Synchrotron EXAFS spectroscopy is a molecular probe that relies on scattered radiation in the local environment of an absorber atom to detect the presence of neighboring atoms. Around the absorber, local atoms must be close enough and present in sufficient numbers to perturb the absorption spectrum as a function of increasing photoelectron energy. Thus, the lack of backscattering atoms beyond the first ligating sphere of atoms means that the next-nearest atoms are either too far away or too weak on average, because of low numbers, low atomic mass, or cancellation of scattered wave functions, to create energetic perturbations. For example, in the EXAFS spectra for ions in dilute aqueous solutions, oxygen atoms from water or electrolyte ions beyond the ligating water shell (i.e., >4Å) are usually not detected in the spectrum at room temperature. At cryogenic temperatures, backscattering is enhanced by reducing atomic vibrations around their mean positions, which reduces thermal contributions to the Debye-Waller factor but not contributions from static disorder. For the case of sorbed, hydrated ions such as those observed in this study, the absence of backscattering atoms beyond the first shell has been taken as evidence for the presence of "outer-sphere" or hydrated electrostatic complexes (e.g., 21, [45] [46] [47] . This is an overinterpretation of the spectroscopic data because the first-shell coordination derived from EXAFS analysis does not directly provide information about the nature of the chemical bonds (electrostatic, covalent, or dipole interactions) between the sorbed complex and the surface, nor does it provide direct information about the substrate or surface adsorption sites (see e.g., Parks (48) ). Although this is a limitation of EXAFS analysis, the molecular structure information from EXAFS can be combined with macroscopic sorption data and surface complexation models to help define the electronic nature of bonding between surface complexes and substrates. Below, we discuss the structural information derived from EXAFS analysis together with macroscopic strontium uptake data to clarify the physical and chemical nature of sorbed strontium complexes.
Strontium Complexes at Kaolinite and Amorphous Silica Surfaces
The EXAFS spectra of all kaolinite and amorphous silica samples show no strong backscatterers beyond the first shell of oxygen atoms regardless of solution conditions (R Sr-O = 2.61 ± 0.02Å; N Sr-O = 9-10 ± 1). There was no evidence in the EXAFS spectra for backscattering from a carbonate ligand in the presence of dissolved CO 2 , or from a phosphate ligand in the presence of dissolved phosphate. Although both carbon and phosphorus are relatively weak backscattering atoms, our study of reference compounds shows that these atoms contribute to scattering at distances of less than ≈3.5Å in both low-and room-temperature spectra if they are present in high enough numbers (27) . Phosphate is known to sorb strongly to kaolinite by inner-sphere complexation and by the formation of aluminum phosphate surface precipitates (49) . If carbon or phosphorus was bonded through oxygen to strontium as the primary mode of speciation, either as an aqueous complex or as a sorbed ternary surface complex, the Sr-Z C,P distance would be less than 3.5Å and scattering would be expected in the EXAFS. Likewise, our EXAFS study of strontium in zeolites (27) established that scattering from aluminum or silicon atoms is apparent in spectra up to a distance of 4.15Å for N Sr-Al/Si = 2. If strontium dehydrated at the kaolinite or amorphous silica surface and was bonded directly to surface oxygen atoms, scattering from aluminum or silicon should be readily apparent in low-temperature spectra. Thus, the EXAFS data suggest that the largest fraction of adsorbed strontium on the surface of kaolinite and amorphous silica is present as hydrated (i.e., water-ligated) complexes. If strontium formed carbonate-or phosphate-ligated complexes, we estimate from the analysis of scattering in reference compounds and in theoretical simulations that these speciation modes must comprise less than 50% of the total strontium present for their scattering to be absent from the EXAFS.
Hydrated strontium surface complexes on kaolinite appear to be stable (or at least metastable) for reaction times of days to weeks. The aging of a kaolinite sample for 57 days in the presence of dissolved CO 2 (pH 9.6) and supersaturated with respect to strontianite (SrCO 3 (s) ) resulted in no changes in the EXAFS spectra collected at both low and room temperatures. Precipitation of strontianite or other strontium hydroxide compounds in significant quantities would be readily apparent in the EXAFS spectrum at low temperature. There is no evidence that strontium forms a new precipitate with aluminum and silicon atoms as kaolinite dissolves with time as shown, for example, by EXAFS studies of Co 2+ and Ni 2+ sorption on kaolinite (28, 43, 50) . Previous EXAFS studies of strontium sorbed to kaolinite (21, 22) also found a lack of backscattering atoms beyond the first oxygen shell. Chen et al. (21) report results for one sorption sample at pH 9.7 collected at room temperature (R Sr-O = 2.57Å, N Sr-O = 7.1). Their distance differs from our room-temperature Sr-O distances by 0.01Å and is consistent with our lowtemperature data if the small distance contraction from anharmonic vibrations is accounted for. Parkman et al. (22) report shorter Sr-O distances (2.55-2.58Å) than those derived in this study for three sorption samples (pH 5-6) collected at low temperature with sorption densities similar to our experiments. These authors propose that strontium exchanges into vacant surface or edge octahedral sites of kaolinite and is only partially hydrated, possibly with some short bonds (R Sr-O = 2.40-2.54Å) between strontium and surface oxygens. If this were the local strontium geometry, however, interatomic distances between strontium and aluminum and silicon atoms in the kaolinite substrate would be close enough (<4Å) to be detected in the EXAFS. In addition, our EXAFS study of strontium coordination in the zeolite mineral heulandite (27) , in which five of the ligands bonded to strontium are water and three are oxygen atoms in the zeolite channel (51) , yielded an average Sr-O distance of 2.62Å (for low-temperature spectra). There is no evidence to suggest that static disorder around strontium substituted in the calcium site in heulandite skews the average Sr-O bond length to shorter distances because of partial dehydration. Fitted oxygen coordination numbers reported by Chen et al. (21) and Parkman et al. (22) are in the range N Sr-O = 7.1-8.3. D'Angelo et al. (40) point out that EXAFS determinations of coordination numbers for hydrated strontium underestimate the true value by 10-20% when amplitude contributions from hydrogen scattering and multielectron excitations (shake-up effects) are not accounted for. In their study, D'Angelo et al. (40) argued that aqueous strontium is coordinated by 10 water ligands, rather than by 8 as suggested by other studies. If these minor amplitude contributions are accounted for (which we have done empirically using the S 2 0 parameter in the EXAFS function (27)), our results for the kaolinite sorption samples suggest 9-10 (±1) water ligands around strontium and an average R Sr-O = 2.61 (±0.02Å). Thus, both our data and previous studies indicate sorption of a hydrated strontium complex with a local average geometry similar to that of strontium in solution (N = 9-10, R Sr-O = 2.64-2.65Å), but perhaps not identical. Unfortunately, bulk EXAFS analysis is not sensitive enough to detect subtle changes in the ligand environment of hydrated complexes that would result from the formation of minor fractions of surface or aqueous complexes.
Results from EXAFS analysis and macroscopic strontium sorption data, together with consideration of the surface chemistry of kaolinite, are consistent with the sorption of a hydrated strontium complex to negatively charged surface sites. We compare our strontium sorption results to the net kaolinite surface charge determined by potentiometric titration in a CO 2 -free environment on kaolinite from the same source (KGa-1), at the same ionic strength, and over the same pH range as in our experiments (52) . At pH greater than 5.5, the kaolinite surface charge becomes increasingly more negative, which reflects an increase in the number of negatively charged surface sites. For kaolinite suspensions prepared in the absence of atmospheric CO 2 , the ratio of sorbed strontium to negatively charged surface sites increases from 0 at pH 6 to 2 : 10 at pH 10. For kaolinite suspensions prepared in the presence of atmospheric CO 2 , similar ratios (3 : 10) are observed above pH 8.5. However, below pH 8, where the negative charge is dominated by permanent structural charge (from substitution of aluminum for silicon in the tetrahedral layer), our macroscopic sorption data indicate that dissolved CO 2 may enhance strontium sorption. If strontium carbonate surface precipitates or surface complexes are contributing to strontium uptake in this pH range, they must account for less than about 50% of total strontium sorbed because only hydrated surface complexes were detected by EXAFS near pH 6 in the study by Parkman et al. (22) .
The EXAFS results, the macroscopic strontium sorption data, and the surface chemistry of amorphous silica are consistent with the sorption of a hydrated strontium complex to negatively charged surface sites. We compare our strontium sorption results to the net amorphous silica surface charge determined by potentiometric titration in a CO 2 -free environment on a similar silica gel, at the same ionic strength, and over the same pH range as our experiments (53) . Above pH 7.2, the amorphous silica surface charge becomes increasingly more negative, which reflects an increase in the number of negatively charged surface sites. For amorphous silica suspensions prepared in the presence and absence of atmospheric CO 2 , we estimate that strontium would sorb to about 10% of the negatively charged sites (53) . The formation of strontium carbonate surface complexes may account for the higher sorption observed in the macroscopic samples prepared in atmospheric CO 2 ( Fig. 1) , although this was not investigated in our EXAFS experiments. Above pH 9, strontium carbonate complexes or precipitates would have been detected by EXAFS if they comprised more than about half of the total sorbed strontium.
Strontium Complexes and Precipitation at the Goethite Surface
We observe two distinct modes of strontium sorption at goethite surfaces in the EXAFS spectra. In most cases, strontium retains its hydration shell of 9-10 (±1) water ligands after sorption to goethite as discussed above for sorption on kaolinite and amorphous silica. Samples reacted in the presence of dissolved CO 2 (G1, G2, and G3) showed no quantitative differences in fit results compared to samples reacted in the absence of CO 2 with similar strontium surface coverage (G4 and G5). Likewise, the aging of a sample reacted in the presence of dissolved CO 2 did not result in the formation of a precipitate even though the reacting solution was oversaturated with respect to strontianite. First-shell Sr-O distances, coordination numbers, and σ 2 values derived from the EXAFS fits for these samples all fall within the range of those derived for strontium sorbed to kaolinite and amorphous silica. However, two of the goethite samples (G6, collected at low and room temperature, and G7, collected at low temperature) show a local structure around strontium that indicates the formation of strontianite (SrCO 3 (s)) (Fig. 3) . Precipitation as an artifact of freezing was tested by quenching a solution oversaturated with respect to strontianite and collecting the EXAFS spectrum at cryogenic temperature. There was no evidence for the formation of any precipitate in this spectrum. Likewise, no precipitates were observed in kaolinite sorption samples at either room or low temperature in which solutions were oversaturated with respect to strontianite, suggesting that the goethite surface influences the precipitation of strontianite under some solution conditions.
The only other EXAFS study to date on the strontium/iron oxyhydroxide system is that of Axe et al. (24) , in which strontium sorption on hydrous ferric oxide (HFO) for two samples (mol Sr : Fe = 1 :1 and 1 : 0.1) was examined at low and room temperature. These authors concluded that strontium remains hydrated after sorption to HFO. Their reported Sr-O distances for a one-shell fit to the sorption data (R = 2.60-2.62Å) are similar to those derived here for goethite and kaolinite. However, Axe et al. (24) attributed weak features in their EXAFS data to a second shell of backscattering atoms and fit these as either strontium or iron atoms at distances of 3.28-3.75Å. Their reported fit results for second-neighbor strontium N and σ 2 are very high (N = 7.2-11.8, σ 2 = 0.029-0.037Å 2 ) and are almost certainly a result of the correlation between N and σ 2 in leastsquares fitting. If these coordination numbers were real, secondneighbor Sr-Sr scattering would be very strong and would be obvious in the EXAFS spectra, especially at 80 K. Their secondneighbor fits with iron produces lower coordination numbers (N = 0.7-2.5). However, the authors reported an Sr-Fe interatomic distance of 3.71Å for one sample collected at 80 K and a distance of 3.40Å for the same sample collected at 300 K (Sr : Fe = 1 : 1). This difference in data collection temperature should not result in such a large shift in interatomic distance unless there is a physical change in the strontium environment (e.g., a phase change), or unless the backscatterer is spurious. The authors admitted that the second-neighbor fits are not well constrained and require further investigation. Examination of the normalized (not filtered) EXAFS data in Axe et al. (24, their Fig. 1) indicates low signal-to-noise and background oscillations in spectra that might be interpreted as backscattering from distant atoms after Fourier forward-and back-filtering. Finally, Axe et al. (24) found no evidence for precipitation of SrCO 3 on HFO, probably because their experiments were conducted at pH 7.0, where the solution is undersaturated with respect to strontianite at initial strontium concentrations of less than 1 × 10 −3 M. (Table 1) as a function of initial strontium, final pH, and the measured dissolved CO 2 shown in (B).
In the absence of dissolved CO 2 , our EXAFS analyses showed the formation of only hydrated strontium surface complexes, but sorption cannot be simply correlated to the development of net negative surface charge. Goethite surface charge becomes more negative above pH 9 (37). We observed slightly more strontium sorption between pH 7 and 9 in samples prepared in N 2 atmosphere compared to those prepared in air, but more strontium sorption in air above pH 9 (Fig. 1) . The lack of direct correlation of strontium sorption to surface charge development implies that the sorption is not driven entirely by electrostatic attraction, which has also been noted in other studies of sorption of alkaline earth cations (e.g., [54] [55] [56] .
In the presence of dissolved CO 2 , the goethite surface appears to promote SrCO 3 precipitation relative to sorption on kaolinite and amorphous silica under specific conditions that are not directly related the saturation state of strontianite. Both the room-and low-temperature EXAFS data for samples G1-G3 indicate sorption of a hydrated strontium surface complex on goethite with a local coordination environment similar to that of strontium sorbed to kaolinite and amorphous silica. Samples G6 and G7, reacted at lower pH, show evidence for precipitation of SrCO 3 . Figure 4A shows the strontianite saturation state for sorption experiments as a function of the initial strontium concentration, the final solution pH, and the measured dissolved CO 2 concentration (Fig. 4B) . The strontianite saturation state is represented by the saturation index (SI = Q/K ), where K is the solubility constant for strontianite, Q is the activity quotient (a Sr+2 a CO32 /a SrCO3(s) ), and a SrCO3(s) is assumed to be equal to unity. For solutions in equilibrium with strontianite, log SI equals zero; for oversaturated solutions, log SI is positive; for undersaturated solutions, log SI is negative. Solutions below pH 7 are undersaturated with respect to strontianite and minimal strontium uptake is observed. Above pH 7, the degree of oversaturation increases with increasing pH. If the degree of oversaturation alone drives the precipitation of strontianite on goethite surfaces, we would expect to see a strontium carbonate precipitate in the EXAFS spectra of all of our goethite samples prepared in the presence of atmospheric CO 2 . However, we observe precipitates at lower degrees of oversaturation (G6 and G7 at pH 8.5) and hydrated strontium complexes at higher degrees of oversaturation (G1, G2, and G3 at pH 8.7 to 9.9). It is unlikely that a strontium carbonate precipitate was initially present on the aged samples G1 and G3 but somehow redissolved with time because solutions were oversaturated with respect to strontianite throughout the experiment. A small amount of diffusion of strontium ions into the goethite structure (e.g., 57) would not have a large effect on the strontium conconcentration in solution, and surface ions incorporated into the structure should be constantly replaced by new ions from solution.
Strontium sorption to goethite as hydrated strontium surface complexes in some cases and as strontium carbonate precipitates in others can be explained by the pH dependence of carbonate sorption to goethite. Figure 5 shows a model calculation of the fraction of carbonate sites at the goethite surface using measured dissolved CO 2 from the macroscopic sorption experiments (Fig. 4B ) and the protonation and carbonate surface reactions reported by Van Geen et al. (37) . We propose that there must be a critical amount of carbonate sorbed on goethite for strontium carbonate to nucleate at the surface. Carbonate sorption decreases from 50 to 0% surface coverage from pH 6 to 10 as dissolved CO 2 increases to a maximum at pH 8.5 and then drops off at higher pH. In the EXAFS spectra, we observe strontium carbonate precipitates at pH 8.5 (G6 and G7) but hydrated strontium surface complexes above pH 8.6 (Fig. 5) . This observation suggests that there is not enough carbonate sorbed to goethite at higher pH to nucleate a precipitate even though the solutions are oversaturated with respect to strontianite. Based on the final solution pH of the EXAFS samples, the calculated carbonate surface uptake, and the presence or absence of strontium carbonate in the EXAFS spectra, the critical amount of sorbed carbonate needed to nucleate strontium carbonate is between 11% at pH 8.5 and 8% at pH 8.7. Strontium carbonate surface complexes may also account for the higher sorption observed in the macroscopic samples prepared in atmospheric CO 2 . We observed about 40% more strontium sorbed in the macroscopic samples prepared in atmospheric CO 2 than in those prepared in 100% nitrogen at more alkaline pH (Fig. 1 ), but we detected only hydrated strontium surface complexes in these samples with EXAFS. As discussed previously, we cannot rule out a fraction of surface sorbed strontium complexes in which carbonate anions may be exchanged for a water ligand, either surface sorbed as a ternary complex or bonded as a ligand away from the surface. A smaller proportion of these complexes relative to water-ligated surface complexes would not produce strong backscattering in a bulk EXAFS spectrum, but they may be present in high enough concentration that their formation should be considered in surface complexation modeling. These results suggest that there may be a mixture of water-ligated and carbonate-ligated strontium surface complexes or small-sized precipitates at the goethite surface above pH 8.6, but that this mixed population could not be detected with EXAFS because the carbonate complexes constitute less than 50% of the total strontium sorbed.
SUMMARY
Results from EXAFS analysis and bulk surface sorption measurements showed that strontium sorbs to kaolinite and amorphous silica at pH > 7.5 and to goethite at pH > 8.6, primarily as a hydrated surface complex. Quantitative results from EXAFS, after accounting for minor anharmonic disorder and small contributions to scattering amplitudes, indicate 9-10 (±1) water ligands around strontium and an average Sr-O interatomic distance of 2.61 (±0.02)Å. This is similar but not identical to that of dilute strontium in aqueous solution, for which EXAFS data indicate slightly longer average Sr-O bond distances (2.64-2.65Å) but a similar coordination number (27) . In agreement with previous EXAFS analyses of strontium in aqueous solution (pointed out by D'Angelo et al. (40) ), it appears that the number of water ligands around hydrated strontium sorbed to mineral surfaces has been underestimated by 10-20% in previous EXAFS analyses. In addition, variations in Sr-O interatomic distances reported in different EXAFS studies appear to result mostly from differences in data analysis and in the number of backscatterer shells assumed in fit models, and to a lesser extent from anharmonic disorder.
The EXAFS spectra of goethite sorption samples reacted in strontium solutions with CO 2 present and pH above 8.6 indicated the formation of only hydrated surface complexes. In two goethite samples at pH 8.5, EXAFS spectra showed that a strontium precipitate formed with a local molecular structure identical to that of strontium in freshly precipitated SrCO 3 and in crystalline strontianite (SrCO 3 (s) ). No evidence for strontium precipitation was found in kaolinite and amorphous silica sorption samples prepared under similar solution conditions that were oversaturated with respect to strontianite. These observations suggest that the goethite surface may control precipitation, rather than the saturation state of strontianite in solution. Carbonate sorption on goethite decreases from pH 6 to 10 as dissolved CO 2 increases to a maximum at pH 8.5 and then decreases at higher pH. This decrease in sorbed carbonate coincides with EXAFS observations that a precipitate does not form above pH 8.6. We suspect that Sr-CO 3 ternary surface complexes are present in addition to the dominant hydrated strontium surface complexes at higher pH but are not detected as a minor component in a bulk EXAFS spectrum. The uptake behavior of strontium as a function of pH, together with the EXAFS analysis of this study, indicates the need to account for anion surface speciation, the formation of ternary surface complexes, and the nucleation of precipitates in the formulation of surface complexation models.
